Sludge stabilisation and mineralisation occurring in the sludge residue within the sludge treatment reed bed systems during periods of operation between 10 -21 years in three different systems receiving sludge from urban wastewater treatment plants situated in Denmark. Samples were taken in the sludge residues along the entire profiles, in order to compare the effectiveness of the sludge stabilisation process in the three systems. Particular attention was given to the stabilisation process occurring within the reed beds; in fact, parameters correlated to biochemical properties of organic sludge matter have been determined. Statistical procedures were used to evaluate how the biochemical processes influence the quality of sludge organic matter in the three systems. The level of total organic carbon and total nitrogen had a similar trend along the profile: their concentration decreased with increasing depth, reaching very low levels at the deepest layers. The same trend was also observed for the water soluble carbon, N-NH3, β-glucosidase and urease activities, hydrolytic enzymes linked to C and N cycles, respectively: their values decreased dramatically with increasing depth, meaning that the level of mineralisation of the organic matter was higher in the deepest layers. The determination of extracellular enzymes bound to humic substances and humic carbon permitted to evaluate the stabilisation of organic sludge matter, and also allowed to individuate in which ways the sludge was stabilised, in terms of mineralisation and humification of the organic matter.
INTRODUCTION
The sludge from municipal wastewater treatment plants in Denmark has generally been used as fertilizer on agricultural land. In the last 20 years, there has been focus on the negative effects which may be associated with sewage sludge. In 1997, legislation was brought into effect by the Danish Environmental Protection Agency to regulate the content of hazardous organic compounds in sewage sludge being spread on agricultural land (Nielsen, S., 2005) . The legislation was brought into effect after an extensive survey which demonstrated that hazardous organic compounds, linear alkyl benzene sulphonates (LAS) and nonylphenolethoxylates (NPE) may be detrimental to the environment if spread in inappropriately large concentrations. The Sludge Treatment Reed Bed (STRBS) have been widely used in Denmark for many years (1988 -2012) . The technology is a cost-efficient and environmentally friendly technology to dewater and mineralize surplus sludge from conventional wastewater treatment systems. Liquid sludge is loaded onto the surface of the basins over several years, where it is dewatered, mineralized and turned into a bio solid with a high dry solid content for use as an organic fertilizer on agricultural land. The climate in Denmark is temperate, humid and overcast, with mild, windy winters and cool summers (16°C). The annual precipitation is between 500 -900 mm. The mean annual temperature is 8. 7°C (1.0°C in January and 17°C in August) . In this study, results about sludge stabilisation and mineralisation occurring in the sludge residue within the STRBS after periods of operation between 10 -21 years in three different systems receiving sludge from urban wastewater treatment plants situated in Denmark (Helsinge (1996 -2012 ), Nordborg (2003 -2012 , and Nakskov (1990 -2012) ) were presented. The deepest sludge residue layers (layer 8 to 10, Figure 1 ) are between 10 and 21 years old. The main aim of this paper is to evaluate the sludge quality after treatment in STRBS, comparing also the different pathways by which of stabilisation occurred. It is, in fact, possible to hypothesise a connection between the sludge quality applied to the basins and different ways of stabilising the sewage sludge accumulated in a STRBS in a vertical profile. To achieve this purpose, parameters correlated to biochemical properties of organic sludge matter have been determined.
SLUDGE TREATMENT REED BED SYSTEMS
The 3 systems build by Orbicon have the same design, construction and planted with common reed (Phragmites australis (Cav.) Trin ex steud.). They are dimensioned for 50 -60 kg ds/m 2 /year. They received sludge from waste water treatment plants (WWTP) designed with mechanical, biological, chemical treatment including nitrification and denitrification (MBKND). The basins were loaded in sequence in accordance with the Danish guidelines. The sludge flow and dry solids were registered before being led to the respective basins.
The Nakskov STRBS (54º49'30 N; 11º06'54 E) was built in 1990 and consists of 10 basins with filter surface areas ranging between 818 and 1,308 m 2 (Table 1) . The system has a total capacity of 500 tonnes of dry solids (ds) per year with a maximum loading rate of 50 kg ds m -2 yr -1 . The STRBS received the surplus sludge from the second sedimentation tanks. The average sludge production rate was 290-350 tons ds yr -1 during 1990-2011 (approximately 60-70 % of the capacity of 500 ton ds yr -1 ). The system was loaded daily with 100-150 m 3 of sludge with a dry solid content of 0.5-1.5 % and subjected to an average loading rate of approximately 30-50 kg ds m -2 yr -1 . Each basin was, after it's the commissioning, subjected to a loading quota of 700-1,000 m 3 sludge over a period 5-7 days, followed by a rest period of 40-50 days under normal operation and 25-30 days during the period where some basins was taken out of operation for emptying.
Emptying of the basins started after an operation period of 17 years (2007) . The basins were emptied over a 5-year period (2007) (2008) (2009) (2010) (2011) , with emptying of 1-3 basins every year. From each of the basins between 800-1,800 tonnes (20-30% ds) of sludge residue was removed and in total deposited on 1,100 ha agricultural land in total. Basin no. 3, which was the last of the ten basins to be emptied in May 2011, was used for the sampling the 9 th May 2011(Table 2, Figure 1 and 2). During the previous 21 years of operation, approximately 1.5 m of sludge residue, equivalent to an accumulation rate of 0.07 m yr -1 , had accumulated in the basin.
Nordborg STRBS (55°2'44"N 9°45'55"E) was established in 2003 and has a capacity of 350 tons ds yr -1 (Table 1 ). The Annual sludge production amounts to 250 -300 tons ds. Each of the basins has an area of approx. 700 m 2 at the filter surface and a maximum area-loading rate of 50 kg ds m -2 yr -1 . Sludge production consists of activated sludge (SAS) directly from the activated sludge plant and digested sludge from a mesophil digester. In each load 90 -120 m 3 (approx. 0.5 % ds.) of SAS is mixed with 3-6 m 3 of digested sludge (approx. 2-3 % ds) and finally, the batch is diluted with effluent from the WWTP to a final volume of 140-160 m 3 before being added to the STRBS. The system's loading regime consists of applications of approximately 140-160 m 3 of sludge (approx. 0.6-0.8 % ds) once daily. From 2006 on, each basin was subjected to a loading quota of 600-900 m 3 over a period of approximately 4-7 days. Loading was followed by a rest period of 40-70 days. The area-specific loading rate was between 36-46 kg ds m -2 yr -1 (average for the 10 basins) in the period from 2004 to 2011. Emptying of the basins started after an operation period of 8 years (2011) . The basins will be emptied over a 4-year period (2011) (2012) (2013) (2014) , with emptying of 2-3 basins every year.
Basin 3, which was the first of the ten basins to be emptied in June 2011, approximately 500 tonnes (20-30% ds) of sludge residue was removed and deposited on approximately 60 ha agricultural land. Capacity during the emptying period will be maintained at 350 tonnes ds yr -1 . Basin no. 3 was used for the sampling the 7 th June 2011 (Table 2, Figure 1 and 2). During the previous 8 years of operation, approximately 0.9 m of sludge residue, equivalent to an accumulation rate of 0.11 m yr -1 , had accumulated in the basin. Helsinge STRBS (56° 1′ 0″ N, 12° 11′ 0″ E) was established in 1996 and has a capacity of 630 tons ds yr -1 (Table 1 ). The Annual sludge production amounts to 500 -600 tons ds. Each of the basins has an area of approx. 1,050 m 2 at the filter surface and a maximum arealoading rate of 60 kg ds m -2 yr -1 . Sludge production consists of SAS directly from the activated sludge plant and SAS sludge from final settling tanks. This production constitutes approximately 66% of the loading of the STRBS. The remaining 33% of the sludge production consists of concentrated anaerobic SAS from 4 to 7 smaller WWTPs. The sludge is stored in concentration tanks at each WWTP before being transported to a common storage tank at Helsinge. The sludge from Helsinge and the smaller systems were mixed and pumped via a mixing tank and a valve building in each delivery before being added to the STRBS. The area-specific loading rate (average for the 10 basin) was between 46-56 kg ds m -2 yr -1 in the period from 1998 to 2004 and between 54-83 kg ds m -2 yr -1 in the emptying period.
The first emptying period of the basins started after an operation period of 9 years (2005). The basins were emptied over a 4-year period (2005) (2006) (2007) (2008) , with emptying of 2-3 basins every year. From the basins, between 1,000-1,600 tonnes (20-35% ds) of sludge residue were removed. The total sludge residue was deposited on approximately 1,025 ha of agricultural land. Capacity during the emptying period was maintained at 630 tonnes ds yr -1 . Basin no. 10, which was emptied for the first time in August 2008, was used for the sampling (Table 2 , Figure 1 and 2) on the 13 th August 2008. During the previous 12 years (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) of operation, approximately 1.5 m of sludge residue, equivalent to an accumulation rate of 0.12 m yr -1 , had accumulated in the basin.
Nakskov and Helsinge have been through the first emptying period. Nordborg and Helsinge have just started their first and second emptying periods, respectively. The application rate was determined by the phosphorus content of the sludge residue, as the maximum allowable sludge application rate is 90 kg P ha -1 every third year. During the emptying phase, the areaspecific loading rate of the remaining basins increased, but was maintained below their capacity, except for the basins in Helsinge which during the emptying were loaded with over 80 kg ds m -2 yr -1 .
METHODS
Sampling sites were randomly selected within the STRBS. A total of 9-13 sludge sample layers (Figure 1) from the top to the bottom of the reed bed were collected from each sampling site. Samples were collected by a 3-cm diameter stainless steel corer, and separated in approximately 10-cm depth fractions. Samples from the same depth were pooled and mixed.
Total organic carbon (TOC) and total nitrogen (TN) were analysed by RC-412 multiphase carbon and FP-528 protein/nitrogen (Leco). Water-soluble carbon (WSC), Humic acids (HA) and Fulvic acids (FA) were determined according to the method of Yeomans and Bremner (1988) . Ammonia (N-NH3) was determined through a selective electrode (Mettler Toledo). Pyrophosphate extract were obtained followed Ceccanti et al., (2008) method. β-glucosidase and urease activities on dry samples an on pyrophosphate extract were determined according to Garcia et al., (1993) .
RESULTS AND DISCUSSIONS
To determine which process of organic matter stabilisation (mineralisation and/or humification) was predominant in STRBSs and to evaluate their efficiency in sludge stabilisation, parameters normally used to estimate the evolution of organic matter in soil were followed (Peruzzi et al., 2011) . Changes in TOC, TN and soluble nutrients (WSC and N-NH3), and hydrolytic enzymes (β-glucosidase and urease) are reported in figure 1. In Nordborg and Helsinge STRBSs, TOC and TN decreased significantly (P< 0.05) throughout the profile, while at the Nakskov STRBS they unchanged.
A similar behaviour can be observed for β-glucosidase, hydrolytic enzymes involved in the C cycle, and for the soluble form of C (WSC), whose values showed an impressive decrease (P< 0.05) throughtout the profile in all STRBSs. In fact, as substrate decreased, the enzyme activity decreased as well, thus indicating the success of stabilisation process along the entire profile. In Nordborg and Nakskov also the urease activity, a hydrolase related to the terminal N-cycle in which organic N is transformed to plant available ammonia, also decreased significantly (P< 0.05) with increasing depth, while in Helsinge urease activity remained stable along the entire profile. 
The process of sludge stabilisation can be followed in terms of parameters linked to humic substances, both for different forms of organic matter (humic and extractable carbon) and for enzymatic activities linked to these forms (Table 2) . Humic carbon is commonly constituted by two different components: fulvic acids, which represent the less stable part of humic matter, and humic acids, which represent the more stable fraction of humic matter. In general, in Nordborg and Nakskov, throughtout the entire profile, fulvic acids (FA) and humic acids (HA) seemed to be inversely correlated: as FA reduced with increasing depth, the HA raised to high concentrations, while in Helsinge, the level of humic carbon (FA+HA) decreased with increasing depths, both in terms of fulvic and humic acids, thus suggesting that a mineralisation process was still occurring. The different levels of humification can also be observed also by the trend of extracellular carbon (PEC), extracellular β-glucosidase and urease enzymes, all measured in the pyrophosphate extract. Sodium pyrophosphate (pH 7.1) extraction allows extracting enzymes (called extracellular enzymes) bound to humic substances (PEC) in a stable and active form (humic-enzyme complexes). The progressive increase of PEC with increasing depth in Nordborg, and especially in Nakskov, indicated that the process of humification was successful in stabilizing organic sludge matter. In fact, as the labile organic matter had been decomposed with increasing depth, so then the humification process had started in stabilising the organic matter with the synergic action of plant and microorganisms. These results are also confirmed by the trend of PEC/WSC ratio, which increased significantly in the deepest layers. Moreover, the level of humic-enzyme complexes (extracellular β-glucosidase and urease enzymes) reached high values in all STRBSs, demonstrating that a significant nucleus of humic-enzyme complexes resistant to microbial and environmental action were formed during the stabilisation process (Benitez et al., 2000) .
The PCA of the data set indicated that the 62.0% of the data variance as being contained in two components (Figure 2a ). The PC1 was associated with parameters that described humification process, such as enzyme activities and humic substances (PEC), while PC 2 was linked mainly to mineralisation process, being significant TN, N-NH3 and HA (Figure 2a ). The score plot (Figure 2b ) provides a graphical representation of the STRBSs, identifying the parameters that resulted more associated; in fact, the graphical closeness of a variable with an object in the plot showed a clear correlation between them. The three STRBSs were clearly separated in the plot and resulted associated with different chemical and biochemical properties. The different process of stabilisation of organic sludge matter resulted clearly discriminated in the score plot. Nakskov was, in fact, clearly associated to the humification process: with increasing depth, the layers were shifted along the PC1, from the right to the left, thus highlighting the decrease of total enzymatic activities and the increase in PEC. Helsinge was clearly linked to mineralisation process, which has involved not only the easily degradable compounds, but also the more stabilised: the layers were shifted along the PC 2, from the top to the bottom of the plot, highlighting the decrease with increasing depth of all parameters linked to N cycle. Finally, in the Nordborg STRBS the two processes of mineralisation and humification were clearly concomitantly present; in fact, with increasing depth, the layers were shifted from the top right to the bottom left of the plot, thus suggesting equilibrium in mineralisation and humification processes.
In a previous paper it was found that in spite of a large number of basins, low area loading and long resting phases to dry out are, thus, not necessarily sufficient to ensure healthy reeds, proper dewatering and mineralisation of the sludge, if the quality of the sludge has too high a content of organic compounds including fat or oil. Generally, it is obvious that higher concentrations of organic matter result in lower dry solid % and more pronounced anaerobic conditions in the sludge residue (Nielsen, S., 2011) . However, the stabilisation process was effective in the STRBSs even in systems that treat anaerobic sludges.
In several studies about organic micropollutants, it was demonstrated that their attenuation from the top to the bottom layer of the reed bed ranged from 40 to 98% (Matamoros, et al., 2012) .
Mineralisation of Linear alkyl benzene sulphonates (LAS) and nonylphenolethoxylates (NPE) in mesophilic digested sludge treated in a Danish (Kallerup) STRBS, by storage in a container, and by storage in a sludge pile was observed during a 9 month monitoring program. Results demonstrate that oxygen is a crucial factor for mineralisation. Oxygen influx into the sludge improved the mineralisation of LAS and NPE. Mineralisation under anaerobic conditions was limited. Only limited mineralisation occurred on the surface of the sludge which was stored in a container. In the sludge which was stored in a pile and frequently turned, a reduction of LAS and NPE by 90% and 43%, respectively, was observed. Treatment in a STRBS was shown to be effective. A mineralisation of 98% of LAS and 93% of NPE was observed (Nielsen, S., 2005) . Mineralisation of organic micropollutants (galaxolide, cashmeran and celestolide) was measured in the accumulated sludge in a 20-year old STRB (Nakskov). The results showed that the deposited sludge was dewatered to reach a dry solid content of 29 % and that up to a third of the organic content of the sludge was mineralized. The concentrations of fragrances ranged from 10 to 9000 ng g -1 ds. The attenuation of hydrophobic micro pollutants from the top to the bottom layer of the reed bed ranged from 40 to 98%. (Matamoros, V. et al., 2012) .
CONCLUSIONS
Stabilisation of sludges was investigated in three different STRBSs situated in Denmark (Helsinge, Nordborg, Nakskov) . The study demonstrated the successful stabilisation of organic matter occurred in the three systems. The quality of sludge applied did not affect the process of stabilisation, even though different pathways were followed. On the basis of the biochemical characterisation of sludge residue it is, in fact, possible to firmly establish a connection between the sludge quality applied (deriving from different treatment aerobic and/or anaerobic processes) to the STRBSs and the different pathways of organic matter stabilsation (humification and/or mineralisation processes). The presence/absence of anaerobic sludge seemed to have a considerable influence on the stabilisation (mineralisation and/or humification) occurring in the STRBSs: in the case of aerobic sludges, the humification process will be prevalent, while, in case of anaerobic sludges, the mineralisation process is likely to override the other processes of stabilisation. In conclusion the STRB is, if the system has the right dimensioning, design and operation in relation to the sludge quality, a feasible technology for sludge treatment and stabilisation before its final land disposal.
